Cel7A (previously known as cellobiohydrolase I) from Hypocrea jecorina was crystallized in two crystalline forms, neither of which have been previously reported. Both forms co-crystallize under the same crystallization conditions. The first crystal form belonged to space group C2, with unit-cell parameters a = 152.5, b = 44.9, c = 57.6 Å , = 101.2 , and diffracted X-rays to 1.5 Å resolution. The second crystal form belonged to space group P6 3 22, with unit-cell parameters a = b ' 155, c ' 138 Å , and diffracted X-rays to 2.5 Å resolution. The crystals were obtained using full-length Cel7A, which consists of a large 434-residue N-terminal catalytic domain capable of cleaving cellulose, a 27residue flexible linker and a small 36-residue C-terminal carbohydrate-binding module (CBM). However, a preliminary analysis of the electron-density maps suggests that the linker and CBM are disordered in both crystal forms. Complete refinement and structure analysis are currently in progress.
Introduction
Improving the enzymatic degradation of cellulose remains one of the key challenges in the industrial production of biofuel from lignocellulosic biomass. A significant problem is that cellulose is composed of crystalline microfibrils which are insoluble in the native form. In order to digest crystalline cellulose, its surface must be disrupted to allow enzymes to access individual glucan chains. Understanding how cellulases from wood-degrading organisms are able to efficiently break down cellulose could greatly benefit industrial production, both in the design of more effective pre-treatment processes and by guiding the engineering of more efficient enzymes.
The wood-degrading filamentous fungus Hypocrea jecorina (an anamorph of Trichoderma reesei) secretes a complex mixture of cellulases. Although the secretome of H. jecorina is composed of several enzymes including endoglucanases, exoglucanases, polysaccharide monooxygenases and -glucosidases, the exoglucanase Cel7A comprises about 60-80% of the secreted mixture. Cel7A, previously known as cellobiohydrolase I (CBHI), is a well studied exoglucanase which hydrolyzes cellulose to cellobiose and is one of the few cellulases that are capable of degrading both amorphous and crystalline cellulose. Its ability to bind to and disrupt the surface of crystalline cellulose enables the endoglucanases to access and rapidly hydrolyze the individual glucan chains separated from the cellulose microfibrils by its action, an effect known as synergy. The efficiency with which Cel7A is able to bind, disrupt and hydrolyze crystalline cellulose makes this enzyme a key target for converting biomass into biofuels.
Cel7A consists of a large 434-residue N-terminal catalytic domain (CD) capable of cleaving amorphous cellulose, a flexible linker and a small 36-residue C-terminal carbohydrate-binding module (CBM) that is required for the efficient degradation of crystalline cellulose. Studies suggest that the reducing end of a cellulose chain is threaded through the long catalytic tunnel of the CD, where it is hydrolyzed to cellobiose, which is released at the exit of the tunnel. While the flexibility of the linker region (Beckham et al., 2010) makes the fulllength protein structure very challenging to determine using highresolution techniques, structures of the CD and CBM structures have been determined separately by X-ray crystallography (Divne et al., 1994 (Divne et al., , 1998 Stå hlberg et al., 1996) and NMR (Kraulis et al., 1989; Creagh et al., 1996) , respectively. However, low-resolution solutionscattering information on full-length Cel7A has been obtained using both small-angle X-ray scattering (SAXS; Abuja et al., 1989) and small-angle neutron scattering (SANS; Pingali et al., 2011) .
Here, we sought to determine the structure of full-length H. jecorina Cel7A (HjCel7A) in two new crystal forms in order to probe potential interactions between the different domains.
Materials and methods

HjCel7A purification
Full-length HjCel7A was purified as previously described (Evans et al., 1994) from a commercial culture filtrate of T. reesei ATCC 26921 (Sigma-Aldrich, St Louis, Missouri, USA). Briefly, buffer exchange of the filtrate was performed on a Sephadex G-75 column (GE Healthcare). Purification was then carried out on a DEAE Sepharose column (GE Healthcare) equilibrated in 50 mM sodium acetate buffer pH 5.0 and eluted with 1 M NaCl. Chromatofocusing on a Mono-P column (Pharmacia) was carried out with a 25 mM Nmethylpiperazine buffer pH 5.4 using a linear gradient of 1:10 diluted Polybuffer 74 pH 3.0 (GE Healthcare). The buffer was then exchanged to 50 mM sodium acetate pH 5.0. SDS-PAGE was used to check the purity of the full-length protein (Fig. 1) .
Crystal growth
HjCel7A was concentrated to 10 mg ml À1 . Crystals were grown by vapor diffusion. Hanging drops consisting of 2 ml protein solution and 0.5 ml reservoir solution were equilibrated against a 1 ml well and incubated at 35 C. Crystals belonging to space groups C2 and P6 3 22 co-crystallized from 25-31% PEG 3350, PEG 4000 or PEG 6000 in 100 mM HEPES pH 6.4 (Fig. 2) . Crystal growth was improved by the addition of 0.5 ml Silver Bullet Screen D4 (Hampton Research, Aliso Viejo, California, USA), which consists of 5 mM gadolinium(III) chloride hexahydrate, 5 mM samarium(III) chloride hexahydrate, 50 mM benzamidine hydrochloride, 0.25%(w/v) salicin, 20 mM HEPES sodium pH 6.8. Ligand-bound crystals were prepared by addition of 10 mM cellohexaose (Megazyme, Bray, Ireland). Crystals were cryoprotected in reservoir solution containing 40% PEG prior to data collection.
Data collection and refinement
X-ray diffraction data were collected on the SER-CAT and GM/ CA beamlines at the Advanced Photon Source (APS), Argonne National Laboratory. Data were collected at À173 C. HKL-2000 (Otwinowski & Minor, 1997 ) was used to index, integrate and scale the data. Data statistics are summarized in Table 1 . Structure-factor amplitudes were obtained from intensities using TRUNCATE (French & Wilson, 1978) from the CCP4 suite . The data from the C2 crystal and from the P6 3 22 crystal grown with cellohexaose were phased using Phaser SDS-PAGE analysis of purified and crystallized HjCel7A. The analysis confirms the integrity of full-length Cel7A. Lanes 1 and 2, crystals. Lane 3, molecular-weight marker. Lanes 4 and 5, purified full-length HjCel7A from two different preparations.
Figure 2
Crystals of HjCel7A. The C2 and P6 3 22 crystal forms cannot be distinguished without collecting X-ray diffraction data. (Emsley & Cowtan, 2004) and subsequent refinement with REFMAC5. The complete models will be reported elsewhere. Fluorescence analysis of a P6 3 22 crystal on the GM/CA beamline at APS identified a peak at 6720 eV corresponding to the Sm 3+ absorption edge. A complete single-wavelength anomalous dispersion (SAD) data set was collected at this peak wavelength for experimental phasing. The Sm 3+ substructure was determined using the SHELXC/D/E pipeline (Sheldrick, 2010) . Output from the SHELX program was then input into ARP/wARP (Langer et al., 2008) to build the model. REFMAC5 will be used for subsequent refinement steps.
Results and discussion
Previous crystallographic studies of HjCel7A were conducted using the CD prepared from full-length HjCel7A submitted to papain cleavage. These CD crystals belonged to space group I222. Here, the crystallization of full-length HjCel7A produced crystals in two new space groups, C2 and P6 3 22, that diffracted X-rays to 1.5 and 2.5 Å resolution, respectively. Preliminary analysis of the electron-density maps shows clear density for the CD in both crystal forms, but electron density for the linker or CBM is weak or lacking. Crystallographic disorder is expected to some degree as the high flexibility of the linker in HjCel7A is known (Tomme et al., 1988; Beckham et al., 2010; Payne et al., 2013) . The Matthews coefficient (Matthews, 1968) calculated for the C2 crystal with one CD alone in the asymmetric unit is 1.98 Å 3 Da À1 and the solvent content is 37.89%. The Matthews coefficient calculated for the full-length protein is 1.73 Å 3 Da À1 with a solvent content of 28.88% . For the P6 3 22 crystal, the Matthews coefficient calculated with just the CD is 4.80 Å 3 Da À1 and the solvent content is 74.40%, while the Matthews coefficient for the full-length protein was 4.19 Å 3 Da À1 with a solvent content of 70.69%. While we cannot exclude proteolysis of the full-length protein during crystallization, SDS-PAGE analysis of melted crystals does not indicate that the protein in the crystals is cleaved (Fig. 1) , and the crystal packing observed in both space groups provides ample room for the linker and CBM to be present in the crystal but to be disordered (Fig. 3) .
While the Cel7A linker and CBM are required for the degradation of crystalline cellulose, the CD alone is equally efficient as the fulllength protein on amorphous cellulose (Cruys-Bagger et al., 2013) . This suggests that the CD possesses the required machinery not only to hydrolyze a cellodextrin chain but also to process along a cellulose chain as cellobiose is being cleaved and released. Molecular-dynamics simulations have suggested that the exo-loop and exit loop that span residues 247-252 and 370-394, respectively, adopt different conformations depending on the binding state of the tunnel Bu et al., 2013) . However, experimentally only the exo-loop is observed to move in the available structures of the CD alone (Ossowski et al., 2003; Textor et al., 2012) . Analysis of these loop regions in our new C2 and P6 3 22 crystal forms may shed new light on the processive motion of the protein during its catalytic cycle. Model building and refinement are now in progress.
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